MOTIVATION
Studies of glacier seismicity span at least four decades. A handful of pioneering studies focused on crevassing (Neave and Savage, 1970; Deichmann et al., 1979) , the source of enigmatic regional seismicity (Van Wormer and Berg, 1973; Weaver and Malone, 1979; Wolf and Davies, 1986) , the seismic signature of iceberg calving (Qamar, 1988) , and friction at the rock-ice interface (Anandakrishnan and Bentley, 1993; Anandakrishnan and Alley, 1994; Smith, 2006) . There has been a surge in glacier seismology in the past few years driven, in part, by the recognition of globally recorded "glacial earthquakes" (Ekström et al., 2003; Wiens et al., 2008) and their apparent relationship to climate change (Ekström et al., 2006) . Recent projects to address this connection have been pursued in Alaska (Larsen et al., 2007) , Greenland (Amundson et al. 2008; Nettles et al., 2008) , the Alps (Walter et al., 2008) , and Antarctica (Wiens et al., 2008) . These studies examine glacier dynamics on several scales, from microseismicity recorded within a few kilometers of the source, to events observed on regional networks, to teleseismically recorded glacier earthquakes. Here we focus on microseismicity typically recorded within a few kilometers of the source that can occur at rates as high as tens of events per minute.
We propose that some paradigms for understanding glacier microseismicity may be drawn from the long history of seismic applications at volcanoes. The two environments are analogous on several levels. Both are characterized by pressurized fl uid phases moving through, and interacting with, a solid matrix that may locally be near its solidus temperature. In glaciers, this interaction is between ice and water. In volcanoes, the matrix is rock and the fl uids are gas, magma, and water. St. Lawrence and Qamar (1979) specifi cally noted similarities between low-frequency glacier and volcano waveforms recorded on regional seismic arrays. Here we apply a similar idea to microseismicity and demonstrate that the high-and low-frequency event classifi cation scheme used extensively in volcano seismology is quantitatively valid in a glacier setting as well. We also describe for the fi rst time a class of hybrid glacier seismic events that exhibits both types of behavior in rapid succession.
BERING GLACIER EXPERIMENT
Bering Glacier fl ows from the St. Elias mountain range to its terminus on the southcentral coast of Alaska (Fig. 1) . It is a temperate glacier, with the ice near its melting point throughout, with a history of dramatic surges (Molnia and Post, 1995) . In the spring of 2007 fi ve seismic stations were deployed halfway between the terminus and the equilibrium line altitude, several tens of kilometers from either. During the study period, the stations consisted of three-component Mark Products L22 shortperiod seismometers recorded on Quanterra Q330 dataloggers at 200 samples/s. Two sites had collocated three-component Guralp CMG-6TD broadband (30 s) seismometers (Larsen et al., 2007) . The cross-shaped seismic array had an aperture of 4 km and was located near the central fl ow line, where the glacier is 10 km wide and ~700 m thick (Conway et al., 2009 
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We present a framework for interpreting small glacier seismic events based on data collected near the center of Bering Glacier, Alaska, in spring 2007. We fi nd extremely high microseismicity rates (as many as tens of events per minute) occurring largely within a few kilometers of the receivers. A high-frequency class of seismicity is distinguished by dominant frequencies of 20-35 Hz and impulsive arrivals. A low-frequency class has dominant frequencies of 6-15 Hz, emergent onsets, and longer, more monotonic codas. A bimodal distribution of 160,000 seismic events over two months demonstrates that the classes represent two distinct populations. This is further supported by the presence of hybrid waveforms that contain elements of both event types. The high-low-hybrid paradigm is well established in volcano seismology and is demonstrated by a comparison to earthquakes from Augustine Volcano. We build on these parallels to suggest that fl uid-induced resonance is likely responsible for the low-frequency glacier events and that the hybrid glacier events may be caused by the rush of water into newly opening pathways.
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Bering Augustine deployment site are representative of the glacier's ablation area. The environment proved to be extremely seismically active, often registering seismic events every few seconds. Visual inspection of the network data demonstrates that events arrive from all directions inside and outside of the network. Accurate locations are generally not possible due to limited station coverage. However, surface wave to body wave amplitude ratios suggest that events come from both the shallow and deep portions of the ice. The source properties are equally varied: impulsive and emergent; long and short codas; dominated by body waves and surface waves; and frequency contents that vary by more than an order of magnitude. The tremendous range of event types complicated initial efforts to characterize the data set and attempts to tie ice motion to seismicity (Larsen et al., 2007) . Schemes that characterized events by their frequency content not only proved successful, but also suggested that there is a physical basis for distinguishing events by frequency.
GLACIER MICROSEISMICITY
Glacier microseismicity was detected using a standard short-term average to long-term average (STA/LTA) detection algorithm operating in three overlapping frequency bands (0.8-5 Hz, 3-20 Hz, and 8-50 Hz). By requiring a signalto-noise ratio >10, we ignore all but the highest quality events. Using the vertical channel of station CRAK these criteria yielded 160,000 events between 20 April and 19 June 2007, with a mean detection interval of 30 s. Visual inspection shows that more than 98% of the detections correspond to the fi rst arrival of seismic events with durations <2 s. The events comprise a wide range of waveforms and frequency contents ( Fig. 2A) . The bulk of these events are observed only weakly on adjacent seismic stations, suggesting source to receiver distances less than the station spacing (2 km).
For each event, we extract a 2 s window of data beginning 0.4 s before the detection time. Traces are high-pass fi ltered above 0.8 Hz and then prepared with a cosine taper at each end. After a transformation to the frequency domain, we fi nd the frequency with the most energy. This dominant frequency appears robust to processing parameters. We use it here as a proxy for the overall frequency content of the waveform.
The dominant frequencies show a bimodal distribution with concentrations centered between 6 and 15 Hz and 20-35 Hz (Fig. 2C) . The same pattern is observed for data from station MILR and for subsets within the two-month period, though the proportion of high-to lowfrequency events is quite variable. Because we make no attempt to correct for the source distance, the distribution of frequencies is affected by attenuation. Attenuation within the ice will remove high frequencies from the waveforms at a faster rate than low frequencies. While this will tend to shift energy lower on the frequency spectra, attenuation will not create the bimodal distribution. The two peaks in the frequency distribution suggest two separate source processes. This high-frequency/low-frequency paradigm parallels a long-standing classifi cation applied to volcanic earthquakes (next section).
Seismicity from crevassing is well observed in many glacier settings (e.g., Neave and Savage, 1970; Walter et al., 2008) . Frequencies of brittle failure quakes scale by the size of the fault and, to a lesser degree, the shear modulus of the medium. Estimates of rupture size are complicated by unknown attenuation characteristics and the lack of source locations. However, based on the propagation distances of just a few kilometers and in situ observations elsewhere, we infer rupture displacements measurable in centimeters (Walter et al., 2008) .
A class of low-frequency fl uid-sourced seismicity has a conceptual appeal, especially in temperate ice where pockets of water may be numerous and long-lived. Meteoric and meltwater drain into the ice from the surface. Highpressure water fi lls englacial voids and fl ows along the base of the glacier. This is particularly true for temperate glaciers, such as Bering, in marine climates where high rates of precipitation and ablation lead to high mass turnover. Ablation at the site of the network was measured at 4.5 m water equivalent per year. A fl uid resonant source is further suggested by the presence of narrow peaks in a small number of the low-frequency event amplitude spectra. This concentration of energy in narrow spectral bands is a distinguishing feature of resonant systems, where the characteristic frequency is a function of the resonator dimensions. Harmonic events with extended codas have been documented during surges on the Bakaninbreen glacier (Stuart et al., 2005) . These events are interpreted as resonance in water-fi lled fractures at the base of the surge front. Walter et al. (2008) demonstrated that basal seismic events on the Gornersee glacier were modulated by changes in water pressure, though it should be noted that it was pressure minima they associated with the seismic events in their study. These examples demonstrate the close, though complex, relationship between water and seismic activity on glaciers.
COMPARISON WITH VOLCANO MICROSEISMICITY
Brittle failure earthquakes at volcanoes are indistinguishable from other tectonic earthquakes. They have impulsive onsets, clear P and S waves, and wide frequency content up to 10-20 Hz (McNutt, 2005) . Swarms of volcano-tectonic, or high-frequency, events may be caused by stress changes resulting from magma movement, regional tectonics, thermal expansion, and gravitational loading. They can usually be modeled with double-couple source mechanisms (e.g., Roman et al., 2006) , though some events require an expansion component often attributed to the injection of pressurized fl uid (e.g., Julian et al., 1997) .
A second class of volcanic earthquakes is characterized by emergent onsets, the absence of distinct S wave arrivals, and monotonic codas that decay slowly. These events are referred to as lowfrequency earthquakes. They are typically rich in frequencies below 5 Hz and often have a dominant spectral peak and harmonics suggesting a resonant source. Several source mechanisms have been proposed (e.g., Julian, 1994; Chouet, 1996; Nakano et al., 1998; Neuberg and O'Gorman, 2002; Fujita and Ida, 2003) , all based on the interaction of fl uid with the surrounding rock.
A third class of earthquakes shares elements of both high-and low-frequency events (McNutt, 2002) . These events, termed hybrids, have highfrequency onsets, but are followed by extended codas of lower-frequency energy. Hybrid events are critical because they provide a link between the mechanisms of the high-and low-frequency earthquakes. Together they implicate a source in which an initial fracture (such as cracking) initiates a fl uid resonance through reverberation, bubble coalescence, or turbulent fl ow.
Figures 2B and 2D illustrate the differences between these events using data from the 2006 eruption of Mount Augustine in Alaska. We use the Augustine eruption because it provides a self-contained example of different waveform classes supported by a full complement of geological and geophysical data streams. The data set includes 1941 handpicked earthquakes from 1 January through 26 January 2007 spanning precursory, explosive, and effusive activity at the volcano (Buurman and West, 2010). Here we show data recorded on broadband station AU13 located 1.8 km south of the Augustine summit. The dominant frequencies of the events fall into two ranges approximately spanning 0.8-4 Hz and 6-18 Hz (Fig. 2C) . Representative waveforms of each class are shown in Figure 2B. Buurman and West (2010) demonstrated that the precursory buildup to the eruption was characterized by high-frequency earthquakes as gas or magma opened pathways to the surface. The fi rst ash-rich eruptions were preceded by several hours of hybrid events, suggesting that magma was working its way through the crack pathways toward shallower depths. Low-frequency earthquakes were mostly recorded during the effusive phase as magma was pumped toward the surface through existing conduits. While more nuanced interpretations are possible, the Augustine example nicely illustrates the connection of high-frequency events with brittle fracture and the low-frequency events and hybrids with fl uids.
GLACIER HYBRID EVENTS
Dominant frequency is a crude tool and subject to site effects and attenuation. A similar three-class taxonomy for glacier microseismicity is confi rmed, however, by the presence of hybrid glacier events. Hybrid events are widely observed in the Bering data set. These waveforms stand out because of the highfrequency impulsive onset that transitions to a lower frequency extended coda (Fig. 2B) . Like their volcano counterparts, the fi rst portion of a hybrid glacier event is indistinguishable from the high-frequency class, while the latter portions are identical to the low-frequency events. An attempt to rigorously count hybrid events is challenging because they span a wide variety of waveform types and may fall into either the high or low dominant frequency class. Buurman and West (2010) used ratios of high-and low-frequency energy to classify hybrid events at volcanoes; however, a precise defi nition remains subjective. Neuberg et al. (2000) demonstrated that there is a continuum between lowfrequency and hybrid volcanic earthquakes. The range of intermediate waveforms in Figure 2A suggests that a similar continuum likely exists for glacier hybrids.
Hybrid events are arguably the strongest evidence for two styles of glacier source mechanisms. The distinct sequence of impulsive high-frequency onset followed by an extended low-frequency coda argues for two source mechanisms joined in a single set of events. Mechanisms for the low-frequency class of volcanic events are still debated and probably include more than one. The present analysis is insuffi cient to bear out a single source for hybrid and low-frequency glacier events. One model is hydrofracturing of the glacier ice. As pooled surface waters penetrate down into the glacier, water pressure drives the progressive expansion of existing cracks (Metaxian et al., 2003; Van Der Veen, 1998; O'Neel and Pfeffer, 2007) . High-frequency cracking is followed immediately by the rush of water into the new opening. In this scenario, water pressure drives cracking and seismicity. In an alternative model, cracking is driven by the existing glacier stresses (Walter et al., 2008) . Because temperate glaciers are often water saturated, voids created by new fi ssures can only be fi lled by water. In this model, water does not drive cracking; however, it is drawn in to fi ll the void concurrent with the fracturing. Resonance of these fi ssures or the reservoirs from which the water is sourced seems the most viable explanation for the low-frequency events. If this is true, then hybrid events are merely those lowfrequency events that are initiated by high-frequency cracking. These simple models are not constrained by the current data. We hope it will provide a starting point for further exploration of low-frequency and hybrid glacier events.
TIME HISTORY OF EVENT TYPES
The different types of microseismicity are important because they imply different glacier dynamics. Based on the wide variety of seismicity already observed across many glacier settings (see Motivation discussion for examples), we hypothesize that these three event classes can be found at most glaciers, though with highly variable rates. The relative proportions of each class will vary substantially in wet and dry glaciers, with more low-frequency events in water-saturated temperate glaciers. If this expectation proves true, it will lend credence to the fl uid-driven low-frequency hypothesis.
The most exciting prospect may be tracking the event classes through time to observe transient phenomena. Based on Figure 2C , we divide into subsets the events with dominant frequencies of 6-15 Hz and 20-35 Hz. Figure 3 shows the daily event rate of the low-and high-frequency classes as recorded on station CRAK. Both event types show a dramatic increase beginning on 5 May. This is presumably tied to the spring speedup of the glacier. Spring speed-up is a widely observed phenomenon in temperate glaciers thought to be triggered by the increased fl ux of meltwater (Willis, 1995) . Over the following six weeks, the rate of each type of event modulates out of sync with the other. There is a suggestion that increases in low-frequency events are mirrored in the following days by increases in high-frequency events. This pattern is observed three to four times with lag times ranging from one to six days. The simplest interpretation is that the low-frequency events are a manifestation of increased fl uid fl ow within or beneath the glacier. Increased water pressure beneath the glacier leads to local decoupling of the ice from the bed. This decoupling is known to change the stress distribution (Amundson et al., 2006) . The new stress regime increases deformation that is accommodated, in part, by large numbers of high-frequency icequakes. Robust source mechanisms, beyond the abilities of the Bering Glacier array, are needed to test this hypothesis.
However, these data demonstrate that different styles of seismic activity become active and inactive on the scale of days and months. These separate modulations on a variety of time scales demonstrate the potential for using different styles of seismic signals to measure seasonal, meteorological, and climate effects on glaciers.
